Abstract: An optical cross-connect architecture based on wavelength routing is proposed. The design utilises an input waveband conversion stage followed by an arrayed waveguide grating (AWG) to enable optical switching and an output single wavelength conversion stage for wavelength assignment and regeneration. Arranging the AWG in feedback or foldback loop configuration the requirement for an output multiplexer is eliminated. The proposed solution supports wavelength switching granularity while offering reduced component requirements. Experimental and modelling results indicate very good system performance of the node as the output conversion stage offers regenerating characteristics.
Introduction
Currently telecommunications networks widely employ wavelength division multiplexing (WDM) to interconnect discrete network locations and offer high capacity, high-speed and long reach transmission capabilities. The information transmitted in the optical domain is transferred through simple point-to-point links terminated by SDH=SONET equipment forming ring and mesh network topologies. This solution suffers by poor scalability for data services and slow service turn up with high installation and operation cost [1 -3] . With the recent technology evolution the WDM transport layer is migrating to elaborate networks with improved features, higher manageability, lower complexity and cost. These networks support an intelligent optical layer utilising optical add=drop and cross-connect (OXC) nodes [4] and provide traffic allocation, routing and management of the optical bandwidth. They also accommodate network expansion, traffic growth, churn and network survivability.
OXCs are located at nodes cross-connecting a number of fibre pairs and also support add and drop of local traffic providing the interface with the service layer. These nodes support provisioning in addition to protection and restoration at the optical layer. Numerous OXC designs based on different technologies have been proposed in the literature [4 -7] . This paper proposes a novel OXC architecture that relies on a set of waveband converters followed by a passive wavelength routing device, based on arrayed waveguide grating (AWG) technology [8] . The utilisation of waveband converters combined with the arrangement of the AWG in a feed-back and fold-back loop configuration minimises the number of wavelength converters and multiplexing devices required. This type of OXC configuration can offer a very compact solution as all the components used can be integrated on a single substrate [8] . The proposed architecture is studied in detail in terms of its connectivity matrix and system performance. These features significantly improve the overall component count, cost, and power consumption of the node supporting reduced capital and operational expenditure in practical networks. Figure 1 shows the schematic diagram of an NÂN fibre OXC based on the proposed design [9] . This scheme relies on wavelength routing, where optical signals are switched to the appropriate output ports through waveband converters (WBC) and an MÂM AWG router. Each input fibre carries a number of wavelengths that are demultiplexed into bands. The proposed architecture utilises grouping of wavelengths in bands (wavebands) to perform routing of the input wavelength channels to the appropriate output ports of the OXC, but does not impose a banded wavelength channel plan at the transport network level. It is important to note that at the band demultiplexer the requirement to skip wavelength channels between consecutive bands may be introduced, depending on the filter technology used. This would have a direct impact on the spectral efficiency of the system. However, in the proposed design the band demultiplexers are based on grating technology offering very sharp filter response, thus eliminating the need to skip channels between consecutive bands.
OXC architecture and connectivity analysis
The demultiplexed wavebands are converted by the input WBCs to the appropriate set of wavelengths to enable routing to the required output ports of the AWG. In order to ensure efficient waveband conversion various technologies have been proposed in the literature [10, 11] . As the scalability of the switch depends on the tunability of the WBCs a widely tunable waveband conversion technique should be utilised. The technique used is based on fourwave mixing (FWM) in semiconductor optical amplifiers (SOAs) and a dual pump configuration offering wide tunability [11] .
The AWG facilitates routing of each individual wavelength to a specific output. This way each wavelength is independently directed to the required output port, although each band of wavelengths is routed simultaneously [9] . Previous work utilising single channel wavelength conversion combined with an AWG router to achieve switching has already been published [12 -14] , however, to the best of our knowledge, this work proposes a novel configuration utilising WBCs and investigates its implications.
The output single wavelength converters (SWCs) operating in tunable input=fixed output mode provide flexible wavelength assignment matching the network requirements, but can be also used for regeneration and power equalisation at the output of the node. A variety of wavelength conversion techniques have been proposed [15] , but in this work cross-phase modulation in SOAs has been used, employing a Mach-Zehnder interferometer to provide 2R regeneration.
Finally the AWG is arranged in foldback loop configuration [8] . Foldback and feedback loop configurations have been proposed to utilise the same AWG router as demultiplexer and multiplexer. The feedback configuration offers reduced requirements in terms of AWG ports, however the foldback configuration requires a larger number of AWG ports but provides improved crosstalk performance compared to the feedback scheme.
To achieve non-blocking operation with an optimised design utilising minimum component and wavelength resources in the system, some design considerations need to be carefully addressed. To identify these considerations let us focus on the system of Fig. 1 that supports N fibres, m wavebands per fibre and k wavelengths per waveband. Therefore, the total number of wavelength channels supported by the system is n ¼ NÁmÁk: It is clear that the minimum number of converters needed is NÁm fixed input=tunable output WBCs at the input of the AWG to enable routing of the individual wavelength channels plus n tunable input=fixed output SWCs to support wavelength assignment. The use of WBCs based on currently available technology and especially FWM in SOAs allows conversion only to consecutive wavelengths. This may impact the switching granularity or the connectivity of the system if certain design measures are not taken, but the issue can be resolved by increasing appropriately the total number of routing wavelengths to d > n: However, it should be noted that the number of routing wavelengths d used impacts the dimension of the AWG.
The number of output ports should be equal to the total number of channels in the system n. To achieve this the output ports of the AWG M > n used to offer all different permutations of the switching matrix are aggregated to a total number of n by appropriately coupling the AWG output ports together, with a coupling ratio of ðdM=neÞ : 1, where ðdM=neÞ : is the rounded up value of M=n. Therefore, if the number of AWG ports becomes high the coupling ratio of the passive combiners required will also become high, increasing the insertion loss and therefore affecting the power budget of the system. The coupling of the output ports of the AWG prior to the SWC stage enables efficient utilisation of the converters minimising the total number of SWC to n.
3 The example of 2 Â 2 optical cross connect
In this Section a 2 Â 2 fibre OXC with each fibre supporting 2 wavelength channels (k ¼ 2; n ¼ 4) will be studied in detail. The term 'input ports' refers to the inputs of the WBCs, while the term 'output ports' refers to the outputs of the SWCs. A schematic diagram representing the 2 Â 2 fibre switch (input port 1 : l 1A and l 1B input port 2 : l 2A and l 2B ) is shown in Fig. 2 . In this specific example the 4 input channels (l 1A ; l 1B ; l 2A and l 2B ) need to be routed to 4 discrete output ports (identified by the output wavelengths l 1 ; l 2 ; l 3 and l 4 ) in any possible combination. The feedback loop is not included explicitly in the connectivity analysis, as it is only used to provide multiplexing at the output of the OXC.
In Fig. 2 the configuration of such a switch fabric is shown. This design imposes the requirement for a minimum of 13 AWG ports and 14 wavelengths for routing (routing wavelengths) using 2 WBCs and 4 SWCs as shown in Fig. 2 . To achieve this, the output AWG ports are appropriately coupled into groups of three, while one group of four coupled ports is required. As the waveband converter can only perform conversion to consecutive wavelengths, the waveband entering the node through the 1st fibre port needs to be converted to two consecutive wavelengths of the wavelengths noted in non-bold numbers in Fig. 2 (numbers 1 -13). The channels entering the node through fibre port 2 need to be converted to two consecutive wavelengths of the wavelengths marked in bold numbers in Fig. 2 (numbers 3-14) .
The routing table of this switch is illustrated in Table 1 and shows how all possible combinations between input and output ports can be performed using the proposed configuration. In the table each column represents one of the input wavelengths, while each row represents the output port that the signal needs to be routed to: the first figure in every cell of the table corresponds to the requested output port, while the second corresponds to the routing wavelength, i.e. the wavelength that the input channel has to be converted to be routed through the switch. For example assume that the request is as follows: l 1A requests to be routed at output port 2, l 1B requests output port 4, l 2A requests port 3 and l 2B requests output port 1. In order to achieve this l 1A and l 1B have to be converted to l 7 and l 8 while l 2A and l 2B have to be converted to l 10 and l 11 respectively. Note that the routing wavelengths of the input channels that belong to the same waveband (for example column 1 and 2 of Table 1 ) are consecutive as imposed by the waveband conversion technique used in the experiment. 
Scalability
The example of the 2 Â 2 can be extended to the N Â N OXC case. The main consideration when scaling this OXC architecture is the number of wavelengths per waveband, k. This is because the number of AWG output ports M required for an optimised design and the number of coupled output ports ðdM=neÞ that may limit the scalability are both dependent on k for a specific number of channels n. In an arbitrary architecture one could use the following equation to describe the number of output ports:
This way each of the permutations would require k separate AWG output ports. The minimum number of output ports M for the optimized architecture is given by:
Here the factor n!=ðn À kÞ! represents the number of permutations of the n channels to groups of k (wavelengths per waveband), while the factor k À 1 arises from the additional AWG ports required to achieve all possible permutations. In Fig. 3 , the required total number of converters are plotted for the cases of k ¼ 1; k ¼ 2; k ¼ 3 and k ¼ 4 against total number of channels supported by the system. It is clear that for k ¼ 2 the use of WBCs reduces the requirement in the total number of wavelength converters in the system by 25% compared to the case of k ¼ 1: This will have a significant impact in terms of system cost savings, since wavelength converters are the most costly elements in the configuration. This reduction in the number of wavelength converters imposes increased AWG dimensions as discussed above. In Fig. 4 the number of the output AWG ports M is plotted against total number of wavelength channels supported by the system. M Â M AWG routers can scale up to 256 Â 256 [12, 16] . To increase further the dimensions of the router multistage configurations with reduced crosstalk have been proposed [17] . For k ¼ 2 the AWG port count is practically feasible using currently available technology and there is a significant reduction in the number of converters required in the system.
Another parameter that affects the scalability and performance of the architecture is the coupling of the output ports. The number of ports that have to be coupled together at the output of the AWG depends on the number of outputs M and is equal to ðdM=neÞ: This is directly related to the coupling losses. In Fig. 5 the number of coupled AWG ports is plotted for increasing number of channels. The case of k ¼ 2 appears to be the most realistic case in terms of practical feasibility. Figure 6 illustrates how the insertion loss of the passive couplers required at the output of the AWG router increases with the switch fabric dimensions. In order to calculate the insertion losses realistic values based on specifications of commercially available components have been used. It should be noted that for increased switch fabric dimensions additional optical amplifiers may need to be incorporated in order to compensate the high insertion loss introduced by the splitters. The limit of the maximum loss that can be tolerated by the configuration depends on the overall performance requirements, the noise figure of the amplifiers used and the regenerative performance of the output wavelength converter. A noise performance analysis is given in Section 6. An additional parameter that affects the scalability of the OXC is the bandwidth of the waveband and wavelength conversion techniques [19, 20] .
Experimental results
To evaluate the physical performance of the proposed node architecture, a system experiment involving a sub-equipped version of the OXC (path in bold in Fig. 1 ) was carried out. In this experiment (Fig. 7 ) two 10 Gbit=s uncorrelated channels (l 1 ¼ 1559:0 nm; l 2 ¼ 1559:8 nm) arrive through the same fibre at the WBC, where they are wavelength converted through FWM. The pump is at l p ¼ 1557:8 nm and the converted channels at 1556.6 nm and 1554.8 nm. This converter is operating in fixed input=tunable output mode. Filtering of the pump and input channels is performed using Fabry-Perot filters. In a practical system this can be achieved with tunable filters based on various technologies offering fast tuning speeds ð < 10 msÞ appropriate for circuit switching applications and sharp filter profiles hence suppressing significantly the unwanted mixing products [18] . It should be noted that the implementation of the WBCs can be also achieved using difference frequency generation (DFG) in passive waveguides, which does not introduce unwanted mixing products as in the case of FWM and offers very wide tunability range [10] . Following the WBC the converted signals are routed through the AWG, which was a 16 Â 16 device with 100 GHz (0.8 nm) channel spacing and crosstalk performance of 2 30 dB. At the output of the AWG, the converted channel at 1555.6 nm is transmitted through the second wavelength conversion stage. The MZI used is an integrated interferometer with SOAs 1 mm in length offering improved performance at high bit-rates and extinction ratio regeneration. The second channel remains unconverted and the two signals (converted and unconverted) are multiplexed again through the same AWG arranged in a foldback loop configuration.
The performance of the FWM WBC, which suffers by OSNR penalties and introduction of crosstalk, is improved with the use of the XPM SWC, which compensates for these impairments due to its transfer function and enhanced OSNR characteristics. In Fig. 8 the bit-error-rate (BER) measurements for the back to back transmitter are presented. In the same figure the BER measurements for the system comprising a WBC followed by a SWC show a penalty of 1.3 dB at BER ¼ 10
29 . This is due to the high insertion loss of the MZI and its limited regenerative capabilities. The WBC is also deployed in a widely tunable mode of operation using 2 pumps to support conversion over 12 nm. Figure 8 also shows the penalty of the tunable WBC, which is 4.3 dB penalty. This high penalty is attributed to the poor OSNR, the cross modulation of the two signals in the SOA and the crosstalk from the undesirable products that this conversion scheme suffers from. This penalty can be significantly reduced when the SWC conversion stage is based on XPM in SOAs. The overall penalty of the OXC can therefore be suppressed to 2.3 dB for 17 nm down conversion. The BER measurements for the case of 5 nm up conversion are also shown. The excellent performance of the MZI converter over a wide wavelength range is a significant advantage of this wavelength conversion technique. Figure 8f illustrates the eye-diagram of the converted signal at the output of the widely tunable FWM waveband converter. The deterioration observed is due to the OSNR reduction and intermodulation effects (cross modulation and gain modulation). Figure 8g illustrates the regenerative capabilities of the XPM converter that have enhance the eye opening and suppressed the noise present in this channel. The eye diagrams have been plotted on different scales and thus should not be compared directly.
Noise performance analysis
In the proposed design the regenerative properties of the XPM scheme that is used as SWC at the output of the node compensates for any waveform distortion. The steep transfer function of the cross-phase modulation converter has been widely used in the literature in order to suppress crosstalk, provide some form of pulse reshaping and offer extinction ratio improvement [15] . In the proposed configuration the device is used to also provide OSNR enhancement and suppression of the crosstalk generated by the AWG. This is because the data with poor OSNR carrying residual pump power or other undesirable products, is copied on a new high OSNR optical carrier, only degraded by the noise of the amplifiers present in the interferometric wavelength converter.
In this Section the OSNR performance is analysed and the evolution of power and noise across the node is studied. The system under evaluation is shown in Fig. 10 . It comprises a tunable waveband converter, a filter, an EDFA, an AWG, an EDFA and a SWC. The WBC includes two input pumps and two input signals (see point 1 in Fig. 10 ). The output (converted) signal (point 2) is filtered out. We assume that the filter does not introduce any losses as appropriate filter technologies e.g. fibre Bragg gratings introduce very low insertion loss ( , 0.5 dB) that will not affect the OSNR evolution noticeably. The signal is amplified (point 3) and routed through the AWG (point 4). A second EDFA is used to amplify the signal at the output of the AWG (point 5). A lossless filter is included (point 6) and the single wavelength converter based on XPM is used to convert the signal at the output of the node (point 7). As explained above it is assumed that the main source of penalty in the system is the accumulated ASE noise. P(1) is assumed to be the signal power and ASE(1) the ASE power of the input signal.
To calculate the power of the FWM product in a FWM wavelength converter many models have been proposed [21 -24] . In [21] the exact efficiency of a multi-pump FWM converter has been discussed. For the calculation of the P(2) (the power of the FWM product in a FWM wavelength converter) the lumped model analysis has been used as in [21] . Although the expression is calculated for a single channel, dual pump FWM conversion and CW operation it can be extended for the case of waveband conversion if it is assumed that the overall input power will only affect the output efficiency and OSNR, by saturating the SOA. Furthermore the model in [21] does not consider wavelength dependence of the material parameters, which could have an impact on the system performance particularly in the case of the widely tunable waveband converters. It is assumed that the model can describe well the performance of a FWM single wavelength converter (SWC), a FWM single pump waveband converter (WBC) and the widely tunable waveband converter (TWBC). In order to apply the lumped model to the above cases we assume that the output power of the FWM product is given by: Fig. 8 Experimental results: BER measurements for the cases as shown in the key: a) back to back (squares), b) OXC operating with one FWM WBC and the XPM SWC at the output, (circles) c) OXC operating with a dual pump FWM waveband converters (TWBC) without the SWC at the output (inverted triangles) d) OXC operating with a TWBC and the XPM SWC that performs down conversion and (triangles) e) OXC operating with a TWBC and the XPM SWC that performs up conversion (diamonds) f) Eye diagram that corresponds to c) and g) eye diagram that corresponds to d) with arbitrary units
where P 1 is the pump power P 2 is the signal power, G is the saturated gain and R the relative conversion efficiency function [24] ,
where r is the conversion efficiency function [21] , o 1 is the angular frequency of the 1st pump and o 2 that of the signal. Here the -empirically determined relation for G [21] is used:
where P is the total input power. In order to investigate the efficiency of the FWM performance of an SOA it is assumed that R is independent of input power [21] hence:
where X dB can be calculated as in [21] , and the index x refers to the different processess that contribute in the FWM process (see Table 2 ). By substituting the values of the parameters as in the Table 2 , R dB ¼ À30 dB: For more than two signals, as in the case of the WBC or the tunable WBC (1) is modified by appropriately calculating the input power in (2). At the same time for the TWBC the model becomes, if P 3 is the second pump power at o 3 [21] :
Again the total input power used for the calculation of G will assume two signals and two pumps. R 0 here is calculated to be 2 17 dB.
In order to calculate the spontaneous emission we use again the empirical model [21] :
where P is the total input power in the SOA. Through experimental measurements the parameters have been found to be: b1 dB ¼ 0:88 and g ¼ 0:8 for the gain while b2 ¼ 0:0002 and d ¼ 0:76 for the ASE.
The EDFA performance is modelled as in [25] and the relevant parameters are G o ¼ 1500; P sat ¼ 0:0063 mW and n sp ¼ 1:6:
For the AWG the loss is considered to be 2 7 dB and for the input of the MZI, 2 10 dB loss is assumed.
The last module of the configuration is shown in Fig. 10 and it is the MZI wavelength converter. The module comprises two SOAs and is modelled assuming that the cross phase modulation conversion is perfect and that the OSNR of the converted signal at the output of the MZI is determined mainly by the OSNR evolution of the CW probe on which the data signal is copied to [26] . The same holds for the spontaneous emission. The contribution of the ASE noise generated by the two SOAs incorporated in the MZI.
Using the above, the P(k) and ASE(k) have been calculated and Fig. 11 shows the signal power together with the spontaneous emission evolution across the node for an input power level of 0.4 dB. This is calculated for three cases of the node utilising the four-wave mixer as SWC, WBC and TWBC. Figure 12 shows the OSNR (at 0.1 nm) for the different and the same input power and SWC, WBC and TWBC. The figs. on the x-axis represent the module numbers in Fig. 10 . We consider the input signal to have very good OSNR ð$ 58 dBÞ: As expected the OSNR is degraded significantly following the FWM wavelength converter and the degradation is further emphasised as the signal is transmitted through the EDFAs. However, it recovers at the MZI wavelength converter [27] . The OSNR regeneration at the final stage (i.e. at the XPM SWC) is very promising especially for the concatenation performance of this type of node. It is noted that when the TWBC is utilised further degradation of the OSNR through the FWM converter leads to a very poor OSNR at the input of the MZI, which is recovered at the output of the interferometric converter. Clearly there will be a limit on the value of the input OSNR that can be recovered by the MZI converter P(1) P(2) P(3) P(4) P(5) P(6) P(7) Fig. 9 Schematic of subequipped version of OXC that is used for analysis however this can not be defined by this simple analytical model.
Conclusions
This paper presents a novel OXC architecture supporting wavelength switching granularitiy, with reduced component requirements and studies its routing table, scalability and physical performance. In terms of technology the architecture is based on waveband converters using FWM in SOAs, an AWG wavelength router and single channel wavelength converters using XPM in SOAs. The feedback and foldback configuration of the AWG is proposed in order to eliminate the requirement for an output multiplexer stage. A scalability analysis for the proposed architecture is performed taking into account existing technology limitations and physical performance. Very good system performance has been demonstrated through experimental measurements indicating a power penalty lower than 1 dB introduced by this implementation. In addition, an analytical study of the power and the OSNR evolution across the OXC configuration is carried out, in order to identify the sources of penalty and possible improvements that can be applied to this design. Fig. 11 OSNR evolution through system for input power Pð1Þ ¼ 0:4 dBm
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